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a b s t r a c t

CDC-48 is a AAA (ATPases associated with diverse cellular activities) chaperone and participates in a wide
range of cellular activities. Its functional diversity is determined by differential binding of a variety of
cofactors. In this study, we analyzed the physiological role of a CDC-48 cofactor UBXN-6 in Caenorhabditis
elegans. The amount of UBXN-6 was markedly increased upon starvation, but not with the treatment of
tunicamycin and rapamycin. The induction upon starvation is a unique characteristic for UBXN-6 among
C-terminal cofactors of CDC-48. During starvation, lysosomal activity is triggered for rapid clearance of
cellular materials. We observed the lysosomal activity by monitoring GLO-1::GFP, a marker for lysosome-
related organelles. We found that more puncta of GLO-1::GFP were observed in the ubxn-6 deletion
mutant after 12 h starvation compared with the wild-type strain. Taken together, we propose that UBXN-
6 is involved in clearance of cellular materials upon starvation in C. elegans.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

CDC-48 (although it is also called VCP or p97 in mammals, we
use CDC-48 throughout this study) is a AAA (ATPases associated
with diverse cellular activities) chaperone and is involved in a wide
variety of cellular processes, such as protein quality control, protein
degradation, and organelle membrane fusion [1e4]. The functional
diversity of CDC-48 is determined by differential binding of a va-
riety of cofactors [5e7]. Several cofactors have been identified in
Caenorhabditis elegans, e.g. NPL-4-UFD-1 and six different UBXN
proteins, which bind to the N domain of CDC-48 [8], and UFD-2 and
UFD-3, which bind to the C-terminal portion of CDC-48 [9]. In
general, it is considered that N-terminal cofactors are involved in
the selection of substrate proteins, whereas C-terminal cofactors
may determine the fate of these substrate proteins [5e7]. It should
be noted that two highly homologous CDC-48s, CDC-48.1 and CDC-
48.2, exist in C. elegans and that their function is essential and
redundant [10,11].

Human UBXD1 (UBXN-6 in C. elegans) has been reportedly

involved in vesicle trafficking [12], endolysosomal sorting [13],
autophagic clearance of damaged lysosome [14], outer mitochon-
drial membrane-associated degradation [15], and mitophagy [16].
UBXD1/UBXN-6 is unique among the cofactors of CDC-48, since it
can interact with both the N domain and the C-terminal portion of
CDC-48 through a bipartite binding mechanism [17,18]. UBXD1/
UBXN-6 contains three remarkable domains: N, PUB, and UBX
domains. The N and PUB domains of UBXD1/UBXN-6 bind to the N
domain and the C-terminal portion of CDC-48, respectively [17,18].
The N domain of UBXD1 is important to recruit UBXD1 at the en-
dosome in the endocytic pathway. The in vitro study showed that
the N domain of UBXD1 regulates inter-domain communication
within the CDC-48 hexamer and can reduce the ATPase activity of
CDC-48, indicating the regulatory effect of UBXD1 on CDC-48
mediated cellular functions [19]. It is interesting to mention that
the UBX domain of UBXD1/UBXN-6 does not participate in binding
to the N domain of CDC-48 [18]. Recently, it has been shown that
the UBX domain of UBXD1 exclusively mediates the translocation
of UBXD1 to depolarized mitochondria and subsequently promotes
mitochondrial recruitment of CDC-48 for accelerating mitophagy
[16].

In this study, we created the ubxn-6 deletion mutant and
analyzed the physiological role of UBXN-6 in C. elegans. The amount* Corresponding author.
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of UBXN-6 was specifically increased upon starvation. Together
with microscopic analyses, we propose that UBXN-6 is involved in
clearance of cellular materials upon starvation in C. elegans.

2. Materials and methods

2.1. C. elegans strains

Worms were maintained at 20 !C using standard protocols as
described previously [20]. The Bristol strain N2 was used as the
wild-type strain. The deletion mutants cdc-48.1 (tm544), cdc-48.2
(tm659), ufd-2 (tm1380), and ufd-3 (tm2915) were described pre-
viously [9,11]. The strain VS17 hjIs9 [ges-1p::glo-1::GFP þ unc-
119(þ)] was obtained from Caenorhabditis Genetic Center. To
exclude unexpected additional mutations, mutant worms obtained
were out-crossed 4 times. Males carrying mutations were gener-
ated from mutants and were used to transfer the mutation.

A set of oligonucleotides, UBXN6A-F and UBXN6A-R, UBXN6B-F
and UBXN6B-R, UBXN6C-F and UBXN6C-R, UBXN6D-F and
UBXN6D-R, UBXN6F-F and UBXN6F-R, UBXN6G-F and UBXN6G-R,
and UBXN6I-F and UBXN6I-R, was annealed, and inserted into the
BsaI-digested pMB70 vector, yielding pCKX1406, pCKX1407,
pCKX1408, pCKX1409, pCKX1414, pCKX1415, and pCKX1417,
respectively. To make a ubxn-6 deletion strain, a mixture of plas-
mids, Peft-3::cas9-SV40_NLS::tbb-2 3‘UTR (25 ng/ml), pCKX1409
(50 ng/ml), pCKX1414 (50 ng/ml), and pPD136.64 (25 ng/ml) was
microinjected into the gonad of the wild-type N2 strain. Plasmids
Peft-3::cas9-SV40_NLS::tbb-2 3‘UTR [21] and pMB70 [22] were
obtained from Addgene. The Peft-3::cas9-SV40_NLS::tbb-2 3‘UTR
plasmid produces the Cas9 enzyme [21]. pPD136.64 produces the
YFP protein in the body wall muscle cells and was used as an in-
jection marker [23]. YFP-positive F1 progenies were selected and
their genomic DNA was analyzed for the deletion of the ubxn-6
gene by PCR with primers UBXN6Fw-2 and UBXN6Rv-2. F2 prog-
enies of the candidates were analyzed again, and the strains con-
taining homogenic deletion of the ubxn-6 gene were isolated. To
exclude unexpected additional mutations including off-target
mutations, mutant worms obtained were out-crossed 4 times. We
therefore established the strain KXK1001 ubxn-6 (zye1001).

Genomic DNA fragments containing the upstream region of
ubxn-6 and the entire ubxn-6 gene were cloned onto the pBlue-
script II SK (þ) vector using Gibson Assembly Master Mix (New
England Biolabs), yielding pCKX1425. Therefore, the DNA fragment
encoding V5-tag sequence was simultaneously inserted at the 50

end of the ubxn-6 gene. To avoid the possibility that Cas9 digests
the template DNA, the sites on pCKX1425 recognized by sgRNAs
produced from pCKX1414 and pCKX1417 were site-directed
mutagenized by using the QuikChange II Site-Directed Mutagen-
esis Kit (Agilent Technologies), yielding pCKX1428. To make the
V5-tag-inserted strain, a mixture of plasmids, Peft-3::cas9-
SV40_NLS::tbb-2 3‘UTR (25 ng/ml), pCKX1414 (50 ng/ml), pCKX1417
(50 ng/ml), pCKX1428 (100 ng/ml), and pPD136.64 (25 ng/ml) was
microinjected into the gonad of the wild-type N2 strain. YFP-
positive F1 progenies were selected. The portion of their genomic
DNA was amplified by PCR with primers UBXN6upPCR and
UBXN6downPCR, and digested with XbaI, whose recognition
sequence exists in the sequence encoding V5-tag. F2 progenies of
the candidates were analyzed again, and the strains containing
homogenic insertion of the V5-tag encoding sequence were iso-
lated. After 4-times outcross, we established the strain KXK1009.

DNA sequences of the constructed plasmids and strains were
verified by DNA sequencing. Plasmid DNA was column purified by
using the Wizard Plus SV Minipreps DNA Purification System
(Promega) and filtered by using SUPREC-01 (TaKaRa). Primers used
in this study were listed in Supplementary Table 1.

2.2. Preparation of anti-UBXN-6 antibody

The entire sequence encoding UBXN-6 was amplified by PCR
with a cDNA clone yk1159e09 as a template, and primers ubxn6-
Cold-5 and ubxn6-Cold-3, and cloned onto pCold I, yielding
pMUR7. Escherichia coli BL21(DE3) was transformed with pMUR7.
His-tagged UBXN-6 was overexpressed by temperature shift-down
and the addition of 1mM isopropyl-1-thio-b-D-galactopyranoside
and purified by using HisTrap HP and HiTrap Q columns (GE
Healthcare). Purified His-tagged UBXN-6 was pooled and used for
development of antibody. Rabbit anti-UBXN-6 antisera was devel-
oped by IWAKI&CO., LTD. and purified using antigen-conjugated
affinity resin.

2.3. Western blotting

Total lysates of worms were resolved on 10% SDS-PAGE gels, and
then proteins were transferred to a nitrocellulose membrane. Pre-
stained Protein Markers (Broad Range) (NACALAI TESQUE, INC.)
or Dr. Western (Oriental Yeast CO., LTD.) was used as a Western
blotting marker. Signals were detected with anti-UBXN-6 (1:1000),
anti-GFP (Clontech; 1:1000), anti-UFD-2 (1:1000), anti-UFD-3
(1:1000), anti-V5 (MBL; 1:1000), and anti-a-tubulin (Sigma;
1:1000) antibodies as a primary antibody. Secondary antibodies
were anti-mouse IgG horseradish peroxidaseeconjugated F(ab')2
fragment (GE Healthcare; 1:5000) and anti-rabbit IgG horseradish
peroxidaseeconjugated F(ab')2 fragment (GE Healthcare; 1:5000).
Proteins were visualized using Western Lightning Chem-
iluminescence Reagent Plus (PerkineElmer Life Sciences). Chemi-
luminescent signals were detected and quantified with LAS-4000
mini. a-Tubulin was used as a loading control.

2.4. Lifespan and brood size analyses

Lifespan assays were performed as described in Tsuda et al. [24].
Lifespan assays were repeated at least two times. We did not count
worms that died due to internal hatching or crawling up the plate
wall. Data analysis was performed as described by Han et al. [25], by
using the publicly available analysis suite OASIS 2 (Online Appli-
cation for Survival Analysis 2) (https://sbi.postech.ac.kr/oasis2/).

Brood size measurement was performed as described in Sasa-
gawa et al. [26].

2.5. Treatment with tunicamycin and rapamycin and treatment of
starvation

Worms were synchronously grown to the young adult and
treated with tunicamycin (10 mg/ml) and rapamycin (100 mM) for
6 h.

For starvation assays, worms were synchronously grown to the
young adult, and harvested, washed and incubated in NGM plates
without E. coli OP50 for 12 h.

2.6. Confocal microscopic observation

Worms were mounted on 2% agar pad containing 10mM le-
vamisole and images were obtained using Leica TCS SP8 laser
scanning confocal microscope. Confocal microscopic observation
was performed as described previously [27]. Z-stack images were
acquired at 0.8 mm slice interval at 40x/1.30 oil objective. The Z-
position was selected from the surface of intestine to where in-
testinal lumen could be seen clearly. GFP excitation/emission was
set to 493/517 nm to eliminate background autofluorescence [27].
The elimination of autofluorescence was confirmed by comparing
intensities of the images taken at GFP excitation/emission 493/
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578 nm and 493/517 nm, using the wild-type and ubxn-6 deletion
strains without the transgenic GFP construct.

3. Results and discussion

3.1. Construction of the ubxn-6 deletion mutant in C. elegans

UBXN-6 is unique, since it can bind to the N domain as well as
the C-terminal portion of CDC-48 [8]. However, the C. elegans ubxn-
6 mutant has not been obtained and characterized so far. By using
the CRISPR-Cas9 system, we first tried to create the ubxn-6 deletion
strain. It has been reported that the use of dual sgRNAs works
efficiently to generate gene knockout mutations in C. elegans [28]. It
has also been reported that the design of sgRNAs with a GGmotif at
the 30 end of their protospacer sequences caused a high efficiency of
targeted mutagenesis [29]. Therefore, we combined these two
strategies to generate the targeted deletion mutation in the ubxn-6
gene. As shown in Fig. 1, when both sgRNAs contained the GG
sequence at the 30 end of the protospacer sequences, a highly

efficient introduction of the deletion mutation was occurred,
although their deletion size was varied strain to strain. One of the
mutants obtained contained a 1305bp deletion as shown in Fig. 1A
and was used throughout this study. By contrast, when an sgRNA
contained the A or T residue at the 30 end of the protospacer
sequence, efficiency was greatly reduced (Fig. 1). These results
strongly indicated that the use of dual sgRNAs, which were
designed with a GG motif at the 3’ end of their protospacer se-
quences, worked very efficiently to generate the deletionmutations
in C. elegans. By using a similar strategy, we also obtained the
knock-in derivative of the V5-tag sequence at the N-terminal end of
UBXN-6. Details were described in Materials and Methods.

To verify deletion and knock-in mutations at the protein level,
we generated the anti-UBXN-6 antibody and performed Western
blotting analyses. UBXN-6 is composed of 437 amino acid residues
and its estimated molecular mass is 49.0 kDa. A band at the
approximately 55.0 kDa position of the wild-type strain was
missing in the ubxn-6 mutant and its mobility was slightly
decreased in the V5::UBXN-6-expressing knock-in strain (Fig. 1D

Fig. 1. Generation of the ubxn-6 deletion mutant in C. elegans.
(A) The ubxn-6 genomic region is schematically shown. Boxes represent exons for ubxn-6 (exon-1 to #4 from the left). Positions of the recognition sites by sgRNAs are also indicated.
The region of deletion in the ubxn-6 deletion mutant is indicated with a thick bar. (B) Summary of dual sgRNA experiments. Number of transgenic F1 and mutant F2 progeny are
shown. (C) Protospacer sequences for each sgRNA are shown. (D) Total lysates of the wild-type and ubxn-6 deletion strains were analyzed byWestern blotting using the anti-UBXN-
6 antibody. Molecular sizes are indicated to the left of the panel. The position of UBXN-6 is indicated with an arrow to the right of the panel. (E) Total lysates of the wild-type and
V5::UBXN-6-expressing strains were analyzed by Western blotting using the anti-UBXN-6 and anti-V5 antibodies. The positions of UBXN-6 and V5::UBXN-6 are indicated with an
arrow and an asterisk, respectively, to the right of the panel.
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and E). These results indicate that the band with the 55.0 kDa
molecular size is UBXN-6 and that its deletion was successfully
confirmed in the ubxn-6 mutant.

3.2. Physiological characterization of the ubxn-6 mutant

We first analyzed the lifespan and brood size of the ubxn-6
mutant. The lifespan of the ubxn-6mutant was shorter than that of
the wild-type strain (Fig. 2A and B). The brood size of the ubxn-6

mutant was similar with that of the wild-type strain (Fig. 2C).
Previously, we reported that the cdc-48.1 mutant, but not the cdc-
48.2 mutant showed the decreased brood size at 20 !C [26]. The
ratio of the amount of CDC-48.1 and CDC-48.2 is 2 to 1 [11]. The
ubxn-6 deletion was introduced into these mutants to prepare
double mutants: cdc-48.1; ubxn-6 and cdc-48.2; ubxn-6. The
introduction of the ubxn-6 deletion mutation did not affect the
brood size independently of the amount of CDC-48 proteins, sug-
gesting that UBXN-6 may not be involved in the process of the

Fig. 2. Effects of the ubxn-6 deletion mutation on lifespan and brood size.
(A) More than 100 worms of the wild-type and ubxn-6 deletion strains were used to investigate worm lifespan. The data were processed via Kaplan-Meir survival analysis of OASIS 2
(https://sbi.postech.ac.kr/oasis2). (B) Restricted mean lifespans, maximum days, and P values are shown for each strain. (C) Brood size of wild-type, Dubxn-6, Dcdc-48.1, Dcdc-48.1;
Dubxn-6, Dcdc-48.2, Dcdc-48.2; Dubxn-6 strains were measured. Results are mean of at least ten animals. Error bars indicate standard deviation. Statistical significance was assessed
by Student's t-test: ns, not significant.

Fig. 3. Effects of drugs and stress treatment on the amount of UBXN-6.
Wild-type worms were treated with tunicamycin (TM: 0 and 10 mg/ml) and rapamycin (RM: 0 and 100 mM) for 6 h (A) and with starvation for 12 h (C: control, S: starvation) (B). The
ubxn-6, ufd-2 and ufd-3 deletion strains were used as a negative control. Total lysates were analyzed byWestern blotting using the anti-UBXN-6, anti-UFD-2, anti-UFD-3 and anti-a-
tubulin antibodies. a-Tubulin was used as a loading control. Molecular sizes are indicated to the left of the panel. The position of UBXN-6, UFD-2 or UFD-3 is indicated with an arrow
to the right of the panel. We performed three independent experiments and similar results were obtained in each experiment. Error bars indicate standard deviation. Statistical
significance was assessed by Student's t-test: *, P < 0.001; ns, not significant.
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brood size determination. Alternatively, another cofactor may take
care of it.

3.3. UBXN-6 is induced upon starvation

Based on the previous reports, UBXN-6 might be involved in the
endoplasmic reticulum-associated degradation (ERAD), autophagy
or the endosome-lysosome trafficking [12e16]. We then analyzed
whether the amount of UBXN-6 is affected by the treatment with
tunicamycin and rapamycin, which are inducers of ERAD and
autophagy, respectively. Young adult worms were treated with the
drugs and analyzed by Western blotting with the anti-UBXN-6
antibody. As shown in Fig. 3A, the amount of UBXN-6 was not
changed upon exposure to these drugs, suggesting that the physi-
ological level of UBXN-6 might be enough to properly maintain
ERAD and autophagy in C. elegans. On the other hand, it is inter-
esting to mention that the amount of UBXN-6 was approximately
3-fold increased upon starvation (Fig. 3B). Importantly, the

induction upon starvationwas specific to UBXN-6, but not for other
C-terminal cofactors UFD-2 and UFD-3 (Fig. 3B).

3.4. UBXN-6 is necessary for lysosomal clearance upon starvation

Since starvation causes the important alterations in intracellular
signaling and membrane trafficking [30], the induction of UBXN-6
might be necessary for rapid turnover of cellular materials upon
starvation in C. elegans. C. elegans intestine is an excellent model for
membrane trafficking and lysosome biogenesis studies. Therefore,
we examined the fate of GLO-1 protein, which is a lysosome-related
protein and can be used as a marker for the endosome-lysosome
trafficking [31]. GLO-1::GFP that was expressed in intestine under
the control of the ges-1 promoter was monitored upon starvation
by confocal microscopy. Before starvation, GLO-1::GFP proteins
were highly expressed and dispersed in intestine, and very few
GLO-1::GFP was enriched in punctate structures within the intes-
tinal cells (Fig. 4A). No significant difference was found in GLO-

Fig. 4. Effects of starvation on the GLO-1::GFP localization and accumulation.
(A) GLO-1::GFP-expressing wild-type and ubxn-6 deletion strains were treated with starvation for 0, 6 and 12 h and observed by a confocal microscope. Fluorescent image (left) and
merged image with fluorescent and DIC (right) are shown for each sample. Inlets represent enlarged images. Arrowhead: intestinal lumen. Bar: 50 mm (B) GLO-1::GFP-expressing
wild-type and ubxn-6 deletion strains were treated with starvation for 0 and 12 h. The wild-type and ubxn-6 deletion strains were used as a negative control. Total lysates were
analyzed by Western blotting using the anti-GFP and anti-a-tubulin antibodies. a-Tubulin was used as a loading control. Molecular sizes are indicated to the left of the panel. The
position of GLO-1::GFP is indicated with an arrow to the right of the panel. We performed three independent experiments and similar results were obtained in each experiment.
Black bar and gray bar indicate GLO-1::GFP and GLO-1::GFP; Dubxn-6, respectively. Error bars indicate standard deviation. Statistical significance was assessed by Student's t-test: *,
P < 0.001; ns, not significant.
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1::GFP distribution between the wild-type and ubxn-6 deletion
strains in the well-fed condition (Fig. 4A). After 6 h starvation, the
diffusion of GLO-1::GFP was largely reduced and GLO-1::GFP was
mainly found in foci. When starvation progress, the number of GLO-
1::GFP foci was reduced after 12 h starvation in wild-type (Fig. 4A).
These results are consistent with the previous reports that in short
period of starvation time, endocytosis and lysosomal activity were
upregulated, and the number and size of lysosomal structures were
dramatically increased due to increased fusion of lysosome with
autophagosomes, but lysosome size and number were recovered in
longer starvation time [30,32,33]. In contrast, the number of GLO-
1::GFP foci was remained more in the ubxn-6 mutant after 12 h
starvation comparingwith wild-type (Fig. 4A), which indicated that
endosome-lysosome trafficking became slowdown and lysosomal
clearance was delayed in the ubxn-6 mutant. We then carried out
Western blotting to measure the amount of GLO-1::GFP. We found
that the amount of GLO-1::GFP was slightly but significantly higher
in the ubxn-6 mutant than that in the wild-type strain after 12 h
starvation (Fig. 4B). These results suggested that UBXN-6 might be
involved in the endosome-lysosome trafficking system-mediated
clearance upon starvation and that the endosome and/or lyso-
some foci might be accumulated in the ubxn-6 mutant. Our results
are consistent with the previous reports that UBXD1 is involved in
modulating the trafficking of ERGIC-53-containing vesicles [12] and
endo-lysosomal sorting of ubiquitinated CAV1 [13].

3.5. Perspective

It should be noted that UBXD1was defective to bind to p97 with
mutations found in familial IBMPFD (Inclusion Body Myopathy
with Paget's disease and Frontotemporal Dementia) and ALS
(Amyotrophic Lateral Sclerosis) diseases [13]. Disease-associated
mutations in p97 or siRNA-mediated depletion of UBXD1 inter-
fered with the CAV1 trafficking by blocking of CAV1 transport to
endolysosome [13]. Moreover, abnormalities in both endosome and
lysosome or dysregulation in their trafficking were linked to
numerous neurodegenerative diseases such as Alzheimer's disease,
Parkinson's disease and Lewy body dementia [34e36]. So, delayed
clearance of cellular components by lysosome in the ubxn-6mutant
upon starvation may be linked to the disease pathogenesis.
Therefore, the ubxn-6 deletion strain of C. elegans can be used for
studying pathophysiology of neurodegenerative disease, although
the precise mechanism of UBXN-6 involvement in endolysosomal
trafficking upon starvation remains elusive.
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Supplementary Table S1. Oligonucleotide primers used in this study. 

Primer name Sequence (5' to 3') 

UBXN6A-F AATTAATGAACCTCAACAAAATGC 

UBXN6A-R AAACGCATTTTGTTGAGGTTCATT 

UBXN6B-F AATTACTTAATAAGAAACATCCCA 

UBXN6B-R AAACTGGGATGTTTCTTATTAAGT 

UBXN6C-F AATTAAATACAAATCAATTCGTTT 

UBXN6C-R AAACAAACGAATTGATTTGTATTT 

UBXN6D-F AATTGAGAAATAAGGAGATGCAGG 

UBXN6D-R AAACCCTGCATCTCCTTATTTCTC 

UBXN6F-F AATTATCAATTTGGCCTCCCTGGG 

UBXN6F-R AAACCCCAGGGAGGCCAAATTGAT 

UBXN6G-F AATTACCATCAGATGTTCATTTGG 

UBXN6G-R AAACCCAAATGAACATCTGATGGT 

UBXN6I-F AATTGGAGTGCACAGAAAAGTGGG 

UBXN6I-R AAACCCCACTTTTCTGTGCACTCC 

UBXN6Fw-2 GAGTCATCTTCGCAGCCTTC 

UBXN6Rv-2 CAAGCTCCTGGATAATTTCG 

UBXN6F-mutF CTGCCCACGCTGGAGCTGCTCAGGGAGGCCAAATTG 

UBXN6F-mutR CAATTTGGCCTCCCTGAGCAGCTCCAGCGTGGGCAG 

UBXN6I-mutF GGAGTGCACAGAAAAGTGTGCGAGGTTTGCTATCGCAAGAG 

UBXN6I-mutR CTCTTGCGATAGCAAACCTCGCACACTTTTCTGTGCACTCC 

ubxn6-Cold-5 CCGACTCGAGATGAAAGTTTTCTCGTTG 

ubxn6-Cold-3 CCGACTCGAGTTACAGTTCATCATGATCC 
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